The penicillin-binding proteins (PBPs) of a methicillin-resistant (MR) and a methicillin-susceptible (MS) Staphylococcus aureus were compared by various approaches involving the use of high-specific-activity [3H]penicillin as a reagent. The MR and MS strains were found to contain PBPs of the same number and electrophoretic mobilities. However, saturation of PBPs 1, 2, and 3 by methicillin in the MR strain required the use of several thousands of micrograms of antibiotic per milliliter, whereas 0.2 to 0.4 ,ug of methicillin per ml was sufficient to effectively compete with [3H]penicillin for the PBPs of the MS strain. Additional experiments indicate that these differences most likely reflect a greatly decreased affinity of the PBPs of the MR strain as compared to those of the MS strain. Shift of the pH of the culture medium of the MR strain from pH 7.0 to 5.2 resulted in an immediate drop in phenotypic resistance to methicillin (from a minimal inhibitory concentration value of 3,200 /Lg/ml at pH 7.0 to 0.8 ,ug/ml at pH 5.2). Examination of the methicillin affinities of PBPs in MR bacteria grown at pH 5.2 showed the presence of the same low-affinity PBPs as in bacteria grown at pH 7.0. Thus, the pH-dependent resensitization to methicillin cannot be explained by a parallel increase in the antibiotic affinities of the PBPs.
Extensive studies on the nature of methicillin resistance in Staphylococcus aureus have led to the recognition of several pleimorphic properties in these mutants. These include reduced suscep- tibility to lysostaphin (17) , deficiency in protein A (23) , and a change in the net surface charge of the cells (9) . In addition, variation in several growth parameters was found to have profound influence on the expression of methicillin resistance. Specifically, growth of resistant mutants at low pH (16, 20) or in the presence of ethylenediaminetetraacetate (19) was shown to result in suppression of methicillin resistance. Furthermore, it was reported that, with at least some of the methicillin-resistant isolates, bacterial cultures appeared to be unable to fully express resistance if the culture was passed in drug-free medium and subsequently plated on the surface of agar plates containing methicillin. Addition of certain supplements to the agar such as high concentrations of sucrose or sodium chloride, or incubation of the plates at temperatures suboptimal for growth (30°C instead of 37°C), resulted in the recovery of an increased proportion of the population behaving as phenotypically methicillin-resistant bacteria (1, and for review 16) . Serial passage in the presence of beta-lactams had the same effect (18) , and the term "heterogeneity" was used to refer to this phenomenon.
Biochemical studies on amino acid, amino sugar, and teichoic acid composition (24) failed to detect significant chemical differences between the methicillin-susceptible (MS) and -resistant (MR) staphylococci. These studies have led to an extensive characterization of the physiology of MR staphylococci. Nevertheless, the biochemical basis of resistance has remained a puzzle.
In an attempt to learn more about the mechanism of this interesting phenomenon, we undertook a study of the penicillin-binding proteins (PBPs) of MS and MR staphylococci. We shall describe two major conclusions of these studies. (i) PBPs 1, 2, and 3 of the MR staphylococci appear to have greatly decreased affinities for methicillin when compared to the affinities of PBPs from an MS strain, and the degree of affinity changes is in rough proportion to the increase in the methicillin minimal inhibitory concentration (MIC) value for the bacteria. ( ii)
The phenotypic loss of antibiotic resistance observable in MR cultures during growth at pH 5 Table 1 summarizes some of the relevant properties of the MR and MS strains used in our studies. MR strain RUCUS 1112 which was chosen for detailed study showed some, but not all, of the pleiotrophic properties described in the literature for other MR isolates of S. aureus (16) . Notably absent was the "heterogeneity" as defined by Sabath and others (1, 18) . The MIC values for methicillin and most other beta-lactams tested showed the pH dependence which is characteristic of the MR staphylococci (16, 20) . Exceptions were benzylpenicillin and cephaloridine; in these cases MIC values did not vary with the pH ( . When the cell concentrations reached ca. 5 x 108 colony-forming units per ml, each of these cultures was diluted back (0.1 ml into 10 ml of fresh prewarmed media) to initiate the following three subcultures: two TSB cultures at pH 7.0 plus one culture at pH 5 the bacteria exhibited high susceptibility to methicillin addition (Fig. 3A) . Similarly, the reverse pH shift (from pH 5.2 to 7.0) was accompanied by the rapid expression of methicillin resistance (Fig. 3B) .
Two additional experiments were designed to better characterize the nature of this pH-depenMeth (IQOOOg/mI) dent antibiotic resistance. In the first, methicillin 0Meth(tO~OOpgm (10 Ag/ml) was added to a culture growing at pH 7 .0. As expected, at this particular pH, this concentration of antibiotic did not inhibit growth (see curve D in Fig. 4 ). However, shift of the '4 culture pH, at various times after methicillin addition, resulted in a virtually instant cessation of growth (Fig. 4 ). received methicillin (10 pg/ml), and incubation was continued. At various times after antibiotic addition, 10-ml portions of this latter culture were removed, pH was adjusted to 5.2, and the incubation was continued. This shiftdown in pH was done immediately after the addition of methicillin (a), and I h (®) and 3 h ( (0) (0)). Another 10-ml subculture was adjusted to pH 7.0 and allowed to grow [no drug (pH 7.0)]. The rest of the 30-ml bacterial culture received methicillin (10 pg/ml), and incubation was continued. At three different times after antibiotic addition (Omin, ®; I h, ®); and 3 h ©), 10-miportions were removed, pH was adjusted to 7.0, and incubation was continued. The response of these cultures to methicillin was followed by nephelometry. icillin per ml for the MS and 50.0 jig of [3H]-penicillin per ml for the MR strain) (Fig. 7) . Again, it may be seen that substantially higher concentrations of methicillin were needed to effectively compete with penicillin in the MR strain (about 1,000 to 4,000 jig of methicillin per ml) as compared to the MS strain (about 0.2 to 0.4 jig of methicillin per ml). These saturation values correspond roughly to the MIC values of the respective strains. Identical results were obtained when the methicillin-resistant transductant (592 --2711) was used instead of strain RUCUS 1112 (Fig. 8, pH The incubation of cells or membranes at pH 5.2 during the assay of PBPs led to relatively minor changes in the labeling pattern, and these were virtually identical in both MS and MR cells and independent of the pH of cultivation and whether or not the assays were performed in vivo (Fig. 9) The production of relatively small quantities of beta-lactamase by strain RUCUS 1112 (see Table 1 ) does not seem to distort our basic observations. In fact, destruction of the reagent [3H]penicillin would tend to produce a shift distorted in favor of unrealistically higher (rather than the observed lower) relative affinities for methicillin. Furthermore, identical observations were made using the MR transductant strain that showed no detectable penicillinase activity.
The substantially slower growth rate of the MR cells (and MS cells as well) at pH 5.2 would be expected to slow down the bactericidal effect of beta-lactams (22 Tables 1 and 2) .
Our data basically confirm the view of methicillin resistance as expressed by Sabath, whose laboratory has been responsible for many of the interesting observations concerning the MR staphylococci (16) . Our data presented here add to his studies by demonstrating a major change in the methicillin affinities of the PBPs of MR staphylococci. In addition, our membrane studies failed to show a significant permeability barrier accounting for this resistance.
Our results are in full agreement with the observation of Bruns and Keppeler (4) that membranes prepared from MR staphylococci bound radioactive penicillin with a strikingly lower affinity than membranes of susceptible strains, whereas the maximum capacity for binding appeared to be similar in the susceptible and resistant bacteria. A recent report by Brown and Reynolds (3) has provided confirmation of our basic observation that methicillin resistance in staphylococci is accompanied by decreased betalactam affinity of PBPs. However, in contrast to the findings with our strains, the decreased penicillin affinity was limited to PBP 3. In addition, these authors also noted an apparent increase in the amounts of PBP 3 in the resistant strains. The reasons for these differences in the observations are not clear. They may be related to strain differences or, possibly, to differences in the degree of methicillin resistance. MultiplePBPs IN METHICILLIN-RESISTANT S. AUREUS 735 intrinsically penicillin-resistant pneumococci (25) and gonococci (5) .
PBPs are, presumably, proteins with catalytic and regulatory roles in various steps in murein biosynthesis. The drastic alterations observed in affmity to beta-lactams may also involve changes in the way such proteins handle their natural substrates (which are supposed to have chemical structures analogous to the beta-lactam antibiotics [21] Alteration of PBPs appears to be a general strategy of bacteria to cope with beta-lactams in the growth medium. In addition to the case of staphylococci described here, PBP alterations seem to accompany penicillin resistance in a number of other bacterial species such as the multiply antibiotic-resistant South African strains of pneumococci (25) 
